We have developed the New Ion Current Combustion Control System (ICCS) which can control individual cylinder air fuel ratio and ignition timing. And also we could get the significant improvements of performance by adapting this system to our small displacement 3-cylinder engine. The characteristics of this system are as follows.
INTRODUCTION
Recently the requirements for the emission reduction and the fuel economy improvement have significantly increased because of environmental protection concerns. To meet such increased requirements, we conclude that the Ion Current Combustion Control System (ICCS) is one of the best ways to extract all of the performance which the engine itself has. And also we consider it is impossible to extract all of the engine performance without the combustion monitoring sensor. In present engine technology, the cylinder pressure sensor and the washer load sensor are used to monitor combustion. However, because of cost issues and installation difficulties, these sensors are not suitable for our small engines. Therefore, we developed ICCS which addresses those disadvantages.
(1)(2) Also, we could significantly improve engine performance by adapting ICCS to our small displacement 3-cylinger engine. The system architecture ,the algorithm and the effectiveness of ICCS are described in this literature. Table 1 shows the specifications of the test engine used for developing ICCS. figure 1 . After ignition discharge has been completed, the bias power are supplied to the center electrode of the ignition plug to detect the ion current. To simplify the system architecture, a part of the accumulated energy from the ignition coil are used for this bias power. As the magnitude of the ion current detected by the above circuit is too small to input directly to ECU, the current is converted into the voltage through the charge amp and then the voltage is amplified. These processing is manipulated by the power module integrated with the ion charge amp shown in figure 2. It is made by Flip Chip (bare chip surface mount) process to cope with high temperature under the hood and to be compact and light and weight. We focused on the following points.
CONTROL SYSTEM OVERVIEW

ENGINE SPECIFICATIONS
Polarity of bias power
It is assumed that the magnitude of ion current is determined by the amount of positive ion and that the amount of positive ion is determined by the surface area of the negative pole for gathering the positive ion. So as the entire surface of the combustion chamber becomes the negative pole, we use the center electrode of the ignition plug for the positive pole of bias power. 
Ignition Coil Specifications
Because ignition plug is used for the electrode for detection the ion current, it is impossible to detect during ignition discharge. Therefore, we improved the coil specifications were modified so that the discharged duration became shorter. This helped to provide the time required for detecting the ion current.
Wiring
As described above, the ion current is small before the charge amp. Therefore, independent wires were used to prevent excessive signal noise and variations in ground potential.
For reference, figure 4 shows the typical ion current output. Finally, through the analog circuits, the amplified signal is converted into the combustion signals for both air fuel ratio and knocking control and directed to the CPU. A detailed explanation of the analog circuit (1) and (2) are given in the following sections.
LEAN AIR FUEL RATIO CONTROL
The aim of this Control is to detect the combustion variation and to control the air fuel ratio just before the variation rate increases suddenly. The analog circuit and control strategy are as follows.
ANALOG CIRCUIT
Ion current output is effected by fuel additives, metal contamination, road-salt or anything that affects the ionization process. (4) However, the ion current duration (ICOD) is hardly effected by them, so we applied it for the controlled variable. Figure 5 shows the analyzed result of the ion current when the air fuel ratio are changed. The significant relation can be seen between two variation rates. One is the variation rate of ICOD corresponding to the combustion duration and the other is the variation rate of the indicated mean effective pressure. This means the variation rate of ICOD makes it possible to distinguish the normal combustion from the abnormal combustion. As a result, So we used the analog circuit shown in figure 6. The ion current is compared with a reference value. The reference value is a minimum value of the ion current occurring during the combustion. This is then directed to the CPU. The CPU then calculates ICOD. The conventional PID control is used to calculate the correction term. The deviation for PID control is the difference between the controlled variable (the variation rate of ICOD) and the desired value(just before the controlled value increases suddenly). 
Feed Forward Control
Fig.8 Effectiveness of Learning
The Feed forward correction term consists of the base pulse width and the learning term. The base pulse width is calculated from engine speed and load. The learning term is calculated from the integration term of PID control. Figure 8 shows the effectiveness of the learning term in case of the fuel quantity in the heavy load area was intentionally changed. The convergence time is reduced by learning.
EFFECTIVENESS OF INDIVIDUAL CYLINDER AIR FUEL RATIO CONTROL
As shown in figure 3 , each cylinder has the independent ion detection circuit. The correction term for the air fuel ratio control is calculated cylinder by cylinder. Figure 9 shows the effectiveness of individual cylinder air fuel ratio control. We can see both the exhaust gas and fuel consumption are improved. Figure 10 shows how the ion current energy and frequency correspond to the cylinder pressure knocking frequency.
NOx
(5)(6) (7) Therefore, we used the analog circuit shown in figure 11 . The ion current is filtered through the frequency band corresponding to the knocking and is then integrated. The integrated value is referred to as the knocking signal in this literature. Finally, the signal is directed to the CPU. The following countermeasures, shown in figure 11 , are taken to prevent miss detection.
Ion Current
Band 
Window signal
The window signal is set only when there is a possibility that knocking could occur. The ion current is inputted to the band pass filter only when the window signal is set. (The window interval is changed according to engine speed and load.)
Cancellation Signal
The cancellation signal is set only when the signal pattern different from knocking occurs. If the cancellation signal is set, the output of the band pass filter is cleared. The figure 12 shows the architecture of the control strategy. As the controlled variable (knocking signal) follows the desired value (the averaged value of the knocking signal when knocking has not occurred), the manipulated variable (ignition timing) is controlled. To adapt the tolerance of ICCS and circumstance change, the desired value is adapted. This controller also consists of the feed back and feed forward control.
CONTROL STRATEGY
Desired Value Calculation
Adaptation of Desired Value Figure 13 shows the analyzed result of the variation rate of the knocking signal when knocking level is changed. The variation rate is very low when knocking does not occur, but becomes greater when knocking occurs. However, the variation rate is not influenced by knocking intensity. This means that the variation rate of knocking signal makes it possible to distinguish knock from "no" knock. Therefore, we adapted the desired value calculated according to the flow chart shown in figure 14 . The desired value is re-calculated only when the variation rate of the knocking signal is lower than the reference value shown in figure 12. We calculate the correction term by using the conventional PID control. The deviation for PID control is the difference between the controlled variable(the variation rate of knock signal) and the desired value(just before the controlled value increases suddenly).
Feed Forward Control
The Feed forward correction term consists of the only base ignition timing which is calculated from the engine speed and the load.
EFFECTIVENESS OF INDIVIDUAL IGNITION TIMING CONTROL
As shown in figure 3 , each cylinder has an independent ion detection circuit. The correction term is calculated cylinder by cylinder. Figure 15 shows the effectiveness of the individual cylinder knocking control. The result is significant improvement in engine torque. 2. By using the variation rate of the occurring ion current duration, we could control the air fuel ratio to the lean limit. Also, we could get significant improvements in fuel consumption and exhaust gas by using individual cylinder air fuel ratio control.
3. By using the variation rate of the knocking signal, we could distinguish knocking from "no"-knocking. Also we could get significant improvement in engine torque by using individual cylinder knock control.
